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Phase Locking in an Infrared Short-Pulse 
Free-Electron Laser 
Abstract-In a free-electron laser operating in the infrared and far- 
infrared spectral regions and using a radio-frequency accelerator for 
the electron beam, the electron pulse length can be of the same order 
as the slippage length or even shorter. Such a laser emits short pulses 
of multimode broad-band radiation. If the repetition time of the elec- 
tron pulses is short compared to the round-trip time of an optical pulse 
in the resonator cavity, then phase locking between successive optical 
pulses can be induced by an intracavity interferometric device. This 
causes a reduction of the number of active cavity modes, and leads to 
a significant increase in the power per mode. External selection of a 
single mode with reasonable power then becomes possible. 
The feasibility of the phase-locking procedure has been tested by 
simulation of the optical pulse evolution in a short-pulse free-electron 
laser, using a model based on the self-consistent solution of the equa- 
tions of motion for the electrons and the wave equation driven by sin- 
gle-particle currents. 
The simulations show that a high degree of coherence between suc- 
cessive pulses can be induced by a low-finesse etalon. Saturated oper- 
ation in a greatly reduced number of modes, but with the same total 
power, is attained with a slight delay in the growth of the power as 
compared to the case without phase locking. 
I.  INTRODUCTION 
PERATION in a single cavity mode is desirable for 0 spectroscopic applications of a laser. Due to the long 
cavity and the broad gain bandwidth, a free-electron laser 
(FEL) can oscillate in a very large number of cavity 
modes. The homogeneous bandwidth usually exceeds the 
inhomogeneous one, and mode competition can cause a 
narrowing of the spectrum as in other lasers. The final 
width is determined by the quality factor of the cavity, by 
external sources of noise, and by the duration of the pulse. 
For short pulses, the latter effect dominates and the re- 
sulting spectral width is said to be transform limited. A 
radio-frequency accelerator produces electrons in micro- 
pulses with a duration in the picosecond range. In an FEL 
based on such an accelerator, many modes are coupled 
due to the short pulse length. 
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A characteristic parameter for a free-electron laser is 
the slippage length NX, where N is the number of undu- 
lator periods and is the wavelength of the radiation. It 
gives the difference between the distances traveled by an 
electron and by an optical wavefront, respectively, in the 
transit time for an electron through the undulator. The ho- 
mogeneous gain bandwidth of a free-electron laser is de- 
termined by the slippage length: AV, = c / 2 N h S .  The 
Fourier transform limit for the bandwidth is given by AV 
= 1/T ,  where T, is the duration of the light micropulse. 
For electron pulses long compared to the slippage length, 
the optical pulse length is almost equal to the electron 
pulse length. For short electron pulses, the optical pulse 
length is on the order of the slippage length. In that case, 
the transform limit is as wide as the gain bandwidth so 
that no narrowing is possible. Instead of mode competi- 
tion, there is mode coupling, and the FEL operates as a 
synchronously pumped mode-locked laser. In order to in- 
crease the power available in a narrow line, it is proposed 
to use an intracavity interferometric device to reduce the 
number of active cavity modes. The principle of the 
method is discussed in Section 11-B. Numerical simula- 
tions to test the feasibility of the procedure are described 
in Section 111-B. 
11. THEORY 
A. Pulse Evolution 
The optical pulse evolution has been studied with the 
model developed by Colson [ 11-[3]. The method is based 
on the self-consistent solution of the coupled Maxwell- 
Lorentz equations for the optical wave and for the elec- 
tron motion. The electromagnetic field is written as a car- 
rier wave e i ( k f z  - W S f )  , with a time-dependent complex am- 
plitude. It is assumed that the amplitude and the phase of 
the wave, and the macroscopic density of the electrons, 
vary little over a wavelength of the optical field. A num- 
ber of dimensionless parameters is defined to bring the 
equations in a convenient form. The dimensionless time 
is T = c t /L ,  and the dimensionless z coordinate is 2 = 
z /NX,  where L, is the length of the undulator and h, is 
the wavelength of the carrier. The dimensionless complex 
wave amplitude is defined by a = I a I ei’ with 
1 a I = 4.1rNeEKL,/y2mc2 
where E is the electric field strength, K = eBX,/2rmc2 
is the undulator strength parameter, B is the ( rms)  un- 
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dulator field strength, e and m are the electron charge and 
mass, c is the velocity of light in vacuum, and y is the 
Lorentz factor of the electrons. The dimensionless mac- 
roscopic electron current density is 
j = 8N(eaKL,)’p/4a~~y~rnc’ ( 2 )  
where p is the electron density. The electron phase < is 
defined as < = ( k ,  + k , ) z ( t )  - U , ~ Z  where k, = 2n/A,,  
A, being the undulator period. With the assumptions N 
>> 1, y >> 1, and A, not too far from the resonance 
wavelength A, = A,( 1 + K 2 ) / 2 y 2 ,  the equation for the 
longitudinal electron motion can be written in the form of 
the pendulum equation 
while the change in the wave field due to the electron cur- 
rents is given by 
( 4 )  
tions in the beam, so that a random spontaneous contri- 
bution to the optical field is generated, and no initial cor- 
relation between the electron pulses is introduced. This is 
important in studying the development of coherence. 
For each electron pulse, the average in (4 )  is initially 
practically zero; the optical gain builds up only during the 
passage through the undulator. The leading part of the 
optical pulse is, therefore, not amplified in the case of 
perfect synchronism. In effect, the optical pulse shifts to 
the back of the electron pulse and the net gain diminishes 
[ 5 ] ,  [6]. This lethargy effect can be partly compensated 
by introducing a suitable desynchronism between the op- 
tical pulse and the electron pulse. In a strong optical field, 
the predominance of the power increase at the trailing end 
of the optical pulse is reduced due to saturation. There- 
fore, the desynchronization needed to obtain optimum 
strong-signal gain and maximum saturated power is 
smaller than the optimum in the small-signal case. A de- 
synchronization that is a reasonable compromise between 
initial gain and final saturated power has been chosen in 
the simulations. 
The angle brackets denote averaging over the electrons at 
the macroscopic position z + 7. The electrons are char- 
acterized by their initial conditions. We have dropped the 
tilde from the dimensionless position coordinate Z in (3) 
and (4 )  and in the rest of this paper. The equations are 
valid for low and high gain and in weak and strong fields. 
Equations (3) and (4 )  do not contain a spatial depen- 
dence in the transverse directions. A generalization is 
possible to include diffraction effects of the optical wave 
and transverse motion of the electrons due to the finite 
emittance of the electron beam and the inhomogeneity of 
the undulator field. However, as the phase-locking and 
short-pulse effects essentially relate to longitudinal struc- 
ture only, the one-dimensional formulation has been used 
in the present work. The effects of electron beam quality 
and optical diffraction have been taken into account by 
using a reduced effective j value. The weak-field theory 
[4] has been used to determine the gain degradation due 
to electron beam emittance and energy spread. The effec- 
tive overlap between the electron beam and the optical 
beam is represented by a geometrical filling factor (see 
Section III-A). 
To simulate the optical pulse evolution, an electron 
pulse with current profile j ( z )  is injected into the undu- 
lator at 7 = 0, and its interaction with the optical pulse 
produced in earlier passes is calculated by numerically 
solving (3) and (4 )  for a number of z positions in the op- 
tical wave in a series of steps in time 7. The phasing be- 
tween the optical pulse and the new electron pulse is such 
that desynchronism can be accounted for, i.e., we allow 
the repetition time of the electron pulses to be different 
from the round-trip time of the optical pulses in the cav- 
ity. 
The initial phases of the sample electrons in each pulse 
are distributed essentially uniformly over the range - a to 
+a. A small random variation is added to each electron 
phase, however, to represent spontaneous density fluctua- 
B. Spectral Structure and Phase Locking 
A radio-frequency linear accelerator (RF linac) pro- 
duces an electron beam in the form of macropulses with 
a duration in the microsecond range, each consisting of a 
series of micropulses in the picosecond range. The tem- 
poral and spectral structure of the optical pulses gener- 
ated by an RF-linac-based free-electron laser are illus- 
trated in Fig. 1 at different time and frequency scales. In 
Fig. l(a), the form of the macropulses is sketched: to is 
the start of the electron beam macropulse, at t ,  saturation 
is reached, at tZ  the electron pulse ends, and the laser 
power rings down with a decay time corresponding to the 
cavity Q factor. Fig. l(b) shows a part of Fig. l(a) in 
more detail: the pulse is built up out of very short micro- 
pulses spaced by T,. The power shows a periodic structure 
corresponding to the round-trip time T, = 2L, /c  for a 
light pulse through the cavity of length L,. In Fig. l(c), 
the shape of the micropulses is sketched, and for com- 
pleteness, the electromagnetic field oscillations are indi- 
cated in Fig. l(d). 
The right half of Fig. 1 shows the corresponding spec- 
tral structure in increasing detail from bottom to top: Fig. 
l(h) gives the overall spectrum shape, with a width cor- 
responding to T, and center frequency us. In Fig. l(g), the 
spectrum is seen on an expanded scale. Fig. l ( f )  shows 
the structure corresponding to the periodicity in Fig. l(b), 
i.e., the cavity modes. Finally, Fig. l(e) indicates the 
shape of the individual cavity modes, with a width given 
by the correlation time in Fig. l(a), i.e., the cavity decay 
time. Only the longitudinal mode structure is considered 
here; we assume that higher order transverse modes are 
suppressed by a suitable resonator configuration. 
The number of cavity modes within the gain profile is 
determined by the cavity length and by the slippage 
length. For a cavity of length L,, the mode spacing is AV,. 
= c/2L,. The minimum cavity length is equal to the un- 
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Fig. 1. Structure of light pulses from an RF-linac-based FEL at different time scales and the corresponding spectral structure 
See text for explanation. 
dulator length: L, 2 NX,. The gain bandwidth Avg is at 
least equal to the homogeneous width determined by the 
number of undulator periods N: Avg 2 v,/2N. For the 
number of cavity modes within the gain bandwidth, we 
thus have 
>A-=> 2L, X 
- 
AV, mg = - 
AV, 2N c 
As A, = X,/y2,  we thus have mK > y 2 ,  and many thou- 
sands of cavity modes can be excited simultaneously. 
When the optical pulse is as short as the slippage length 
NX,, all these modes are coupled and the spectrum is broad 
and almost continuous. In the short-pulse, long-wave- 
length case, the spectral width can be reduced only when 
the optical pulse length is made longer than the slippage 
length. Desynchronization can be applied to achieve pulse 
stretching to a certain extent. Although the FEL efficiency 
decreases with increasing desynchronization, the spectral 
power density increases as long as the growth of the co- 
herence length outweighs the power decrement. The spec- 
tral narrowing that can be obtained this way depends on 
the cavity losses and on the available gain. For the case 
considered in Section 111, for example, a narrowing by a 
factor of two or three is possible. 
We now consider a possibility to substantially reduce 
the number of active modes within the fixed bandwidth 
determined by the slippage length. If the interval T,. be- 
tween pulses is short compared to the cavity round-trip 
time T,, then there is a large number m, of light pulses 
present in the cavity at any time. As an example, when L, 
= 6 m and 1 / T,. = 1 GHz, one has m, = 40. Normally, 
these pulses are completely independent, and the power 
spectrum of the series of pulses is the same as if there 
were only one pulse circulating with m, times the power. 
The situation is different when there is coherence between 
successive pulses. In the limit that all pulses are identical 
and coherent, the spectrum contains only multiples of the 
repetition frequency 1 / T,., and the number of active modes 
is reduced by the factor m,. The remaining modes are in- 
dicated in Fig. l ( f )  by the heavier drawn vertical lines. 
The spectrum is identical to that of a laser having the cav- 
ity length ~ C T , . ,  and the laser may be said to be “super- 
synchronously pumped. ” 
The required coherence can be induced by an interfer- 
ometric device such as a slightly tilted etalon with a spac- 
ing adjusted to the pulse repetition rate so that the pulse 
circulating in the etalon overlaps with successive new 
pulses. In a steady-state view, the etalon acts as a filter 
transmitting only the selected modes [7]. As the total 
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length of the electron macropulse is limited, however, the 
steady state might not be attained when an etalon is pres- 
ent. In the initial phase, when the pulses are not yet co- 
herent, the etalon rejects most of the radiation, and the 
growth of the laser power is impeded. It is, therefore, 
necessary to study the time-dependent behavior of the 
system. 
C. Simulation of Phase Locking 
Previous studies of the startup and multimode behavior 
of free-electron lasers [5], [8], [9] have been restricted to 
a single pulse in the cavity. Multiple independent pulses 
are covered by the same treatment, but no theory is avail- 
able for the case where multiple pulses interact. There- 
fore, the simulation procedure described in Section 11-A 
has been extended to treat the case of multiple pulses in 
the cavity together with an etalon. 
Instead of, as usual, cycling only a single optical pulse 
repeatedly through the undulator, together with a “fresh” 
electron pulse at every pass, we now keep track of a num- 
ber m, of separate pulses ak ( z  ). 
The effect of the etalon is included in the following way. 
The optical field in the etalon is represented by a complex 
dimensionless amplitude a, ( z  ), analogous to the ampli- 
tude a k ( z )  of the circulating pulses. After each pass 
through the undulator, the optical pulses are passed 
through the etalon according to the algorithm 
a,(z)  := a,(z)  + t lak(z)  (6a) 
a k ( z )  := t 2 a e ( z )  (6b)  
a,(z)  := r2rlae(z  + 2L,) = r,r2ei6eae(z + 6 ) .  (6c)  
Here, t 1 , 2  and r1 ,2  are the (possibly complex) amplitude 
transmission and reflection coefficients of the etalon mir- 
rors. In (6a), the pulse amplitude transmitted by the first 
etalon mirror is added to the field already present in the 
etalon (the reflected part of ak is lost due to the etalon tilt). 
In (6b), the amplitude transmitted by the second etalon 
mirror replaces the amplitude of the original pulse ak. In 
(6c), the field in the etalon to which the next pulse will 
be added is found by reflection at both etalon mirrors. 4, 
= 2n X 2 L,N is the phase shift corresponding to the eta- 
lon spacipg L, in units NX,. When the etalon spacing is 
an integer fraction of the cavity length, so that all etalon 
modes coincide with cavity modes, the factor is unity 
and 6 is zero. This will normally be the case, but detuning 
of the etalon can be used to stretch the pulses in a similar 
way as cavity detuning. In order to avoid the beam walk- 
off and the double-pass loss of a tilted transmission eta- 
lon, an alternative configuration like the Fox-Smith in- 
terferometer [ 101 would probably be used in practice. This 
situation can also be handled with (6), however. 
111. SIMULATION RESULTS 
A .  Pulse Evolution, Desynchronism, and Gain 
In the simulations that have been performed, we have 
used parameters relevant to the Free Electron Laser for 
Infrared Experiments (FELIX), which is under construc- 
tion at the FOM Institute for Plasmaphysics Rijnhuizen 
[ 111, [ 121. The FELIX project involves the construction 
of a free-electron laser facility operating in the near in- 
frared to millimeter-wave spectral regions. In the first 
stage of the project, a 3 GHz radio-frequency linear ac- 
celerator will be used to provide electrons with energies 
between 15 and 45 MeV in pulses with a peak current of 
70 A, a duration of 3 ps, a repetition frequency of 1 GHz, 
and a macropulse length of 20 ps. Radiation with wave- 
lengths in the 8-80 pm range will be produced. The un- 
dulator has 38 periods of 65 mm wavelength. With these 
parameters, the slippage length N X ,  is equal to the elec- 
tron micropulse length for X, = 24 pm. Simulations of 
the phase locking by an etalon have been performed for 
X, = 25 pm. 
The basic parameters of the FELIX device are rather 
similar to those of the FEL operated successfully at the 
Los Alamos National Laboratory [13]. In the latter, how- 
ever, there is just one pulse at a time present in the cavity, 
and so the phase-locking procedure discussed here is not 
applicable. 
The value o f j  as given by (2) applies for a helical un- 
dulator; for a linear undulator, j is reduced by a factor 
depending on K [2]. For the energy spread parameter, ex- 
pressed as U, = 4nNa,/y where U, is the standard devia- 
tion in y, we have used U, = 1.7, while the normalized 
(rms) emittance is taken to be 50a mm * mrad. The gain 
degradation due to the energy spread and the emittance of 
the electron beam, as calculated from the weak-field the- 
ory [4], corresponds to a reduction o f j  by a factor of 1.8 .  
A filling factor is determined by assuming for the optical 
beam a fundamental Gaussian mode with Rayleigh length 
LR = :L, = 0.82 m, while the electron beam is assumed 
to have an rms radius of 0.5 mm. Including the effects of 
the filling factor, the linear undulator, and the electron 
beam quality, one arrives at an effective peak value of j 
= 7.5 for the dimensionless current density. A parabolic 
shape with a full width at half maximum I, = 0.9 mm has 
been used for the longitudinal electron density distribu- 
tion. 
A desynchronization of d = AL,/NX, = 0.015 where 
A L, is the shortening of the optical round-trip path length 
was found to give a reasonable compromise between ini- 
tial gain and final power. In this case, saturation is reached 
in roughly 200 passes, i.e., 8 ps for a cavity length of 6 
m, with a peak dimensionless field strength 1 a I between 
50 and 100, and a dimensionless pulse length of approx- 
imately 1. The corresponding peak output power, at 3% 
outcoupling, is on the order of 10 MW, and the total en- 
ergy in a micropulse is =60 pJ. With an assumed loss 
and outcoupling of 4 .5%,  the net small-signal gain was 
found to be = 20%.  
B. Phase Locking and Spectra 
1) Multiple Pulse Simulation: An example of simula- 
tions with multiple pulses and phase locking is given in 
Figs. 2 and 3 .  The number of pulses is limited by the 
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Fig. 2 .  Simulation result of amplitudes (a) and phases (b) in six independent pulses after 60 round-trips through an FEL with 
parameters corresponding to FELIX at 25 pm wavelength: effectivej, taking beam quality effects into account:j = 7 . 5 ,  cavity 
detuning 0.015NX,, pulse length full-width-half-maximum U: = 0.9NX,, cavity loss and outcoupling 5 % .  The energy per 
pulse (c) and gain per pass (d) are shown as functions of the number of passes. 
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Fig. 3 .  Simulation result of amplitudes and phases in six pulses coupled by an etalon with 25% reflectivity. Other parameters 
as in Fig. 2.  
computer facilities available at the time, but suffices to 
establish the basic principles of operation. The widely 
spaced pulses have been drawn close together for conve- 
nience. Fig. 2 shows the situation after 60 round-trips 
through the cavity without the phase-locking etalon. As 
the pulses have evolved independently out of the sponta- 
neous noise, their amplitudes and phases are different, al- 
though the shapes of the different pulses are similar both 
in phase and amplitude. The right half of the figure shows 
the energy in the pulses and the energy gain per pass as a 
function of the number of passes. In Fig. 3, the simulation 
is shown for the case with an etalon. A reflectivity r:,2 = 
25 % for both mirrors has been used. The etalon is exactly 
tuned to the optical pulse separation. Again, 60 full 
round-trips have been made. The pulses now have practi- 
cally identical amplitude and phase profiles, both in shape 
and magnitude. Therefore, the spectrum contains only the 
modes corresponding to the pulse spacing T,. The power 
is lower than in Fig. 2, due to the increased losses in the 
initial 10-20 passes. After about 20 passes, however, the 
pulses have become coherent, and the power gain per pass 
is the same as in the case without etalon. To simplify the 
comparison, absorption in the etalon mirrors has not been 
included in this example. When 1% absorption in each 
mirror is assumed, the cavity loss is increased by 2.6%, 
but the overall picture does not change. 
2) Simple Pulse Evolution Model: The simulation de- 
scribed in the previous section has shown that all pulses 
rapidly acquire a similar shape, even without the etalon. 
Therefore, it is possible to use a simpler model in which 
each pulse is characterized by a single complex amplitude 
ak. This makes it possible to keep track of a larger number 
of pulses and to show clearly the mode structure in the 
spectrum. Instead of considering the interaction between 
light and electrons in detail, we now simply assume that, 
on passing through the undulator, the amplitude of the 
pulse is multiplied by a gain factor r and that a sponta- 
neous contribution with random phase and (Gaussian) 
random power is added. Saturation is described by assum- 
ing that the incremental power gain G = r2 - 1 depends 
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Fig. 4 .  Simulation result of amplitude (a) and phase (b) for 240 successive 
pulses after = 100 full round-trips with 40 separate pulses in the cavity. 
Parameters: gross gain Go = 2 5 % ,  cavity loss and outcoupling 5 . 5 % ,  
1 / T ,  = 1 GHz, L, = 6 m,  I ,  = IO8 x Isp On,dn ec ,",. (c) The power spectrum 
corresponding to the series o f  pulses shown in (a) and (b). 
Fig. 5 .  Amplitude, phase. and spectrum for 240 pulses as in Fig. 4, after 
75 more round-trips. Saturation has set in, and the amplitudes have al- 
most reached their maximum values. 
on the pulse power I k  as 
where Go is the small-signal power gain and Is is the max- 
imum power increment. The etalon is incorporated in the 
same way as above, but now the field in the etalon is also 
represented by a single value. As the shape of the indi- 
vidual pulses is left unspecified, the corresponding spec- 
tral structure-cf. Fig. l(c) and (d)-is also undeter- 
mined. The fine structure, on the other hand, is determined 
by the long-range pulse-to-pulse correlations-cf. Fig. 
l(b), (e)-and can be found from the Fourier transform of 
the series of ak values. As the ak's are sampled with the 
interval T,, the corresponding spectrum is periodic with 
l /Tr .  Thus, one of the frequency intervals of width 
l/T,-Fig. l(f)-is sufficient to represent the main fea- 
tures of the mode structure. This interval is also the free 
spectral range of the etalon. 
Examples of simulation results are shown in Figs. 4-7. 
Fig. 4(a), (b) give the amplitudes and phases of 240 pulses 
at t = 4 ps, i.e., after 100 round-trip times, without eta- 
lon. The periodic structure with a period of 40 pulses, 
corresponding to the cavity round-trip time, is apparent. 
Within each group of 40 pulses, there is no correlation. 
One 1 / T, period of the energy spectrum of this sequence 
of pulses is illustrated in Fig. 4(c) and shows the cavity 
modes. When saturation is reached, at about 6 ps with the 
parameters used, the pulse amplitudes become equal, but 
the phases remain random and the spectrum is basically 
unchanged, as illustrated in Fig. 5 .  
Fig. 6 shows the result with an etalon having mirrors 
with 25 % reflectivity and 75 % transmissivity (finesse = 
2.1, peak transmission = 0.97). The 40-pulse periodicity 
is again visible, but now there is a large degree of coher- 
ence between successive pulses. This is reflected in the 
spectrum, Fig. 6(c), where the cavity modes in between 
the etalon modes are largely suppressed. The amplitude 
and phase modulations that are still present in Fig. 6(a) 
and (b) correspond to the remaining satellites around the 
etalon modes. The net gain is reduced by = 3 % due to the 
etalon mirror absorption, and as in Section 111-Bl), the 
initial growth is retarded for 10-20 roundtrips. As a result 
of both effects, saturation is reached some 2 ps later in 
this case than without the etalon. For a macropulse length 
of 20 ps, as in FELIX, this leaves more than 10 ps of 
saturated operation. 
With a higher finesse etalon, a higher degree of coher- 
ence is reached, but the initial power growth is delayed 
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Fig. 6.  Amplitude, phase, and spectrum for 240 successive pulses after 
100 round-trips as in Fig. 4 ,  with an etalon having mirrors with 25% 
reflectivity and 74% transmissivity. 
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Fig. 7 .  Effect of a lossless etalon on the growth of the energy per micro- 
pulse. For clarity, an etalon with finesse = 1 1  has been assumed. Full 
line: with etalon; dashed line: without etalon. 
more. Fig. 7 illustrates the power growth. To show this 
effect of an etalon more clearly, a mirror reflectivity of 
75 % and no absorption is used (finesse = 1 1  ). With eta- 
lon, the net power gain is low initially, but it equals that 
without etalon after 1.8 ps. This is the time needed to 
establish a degree of coherence between pulses such that 
the etalon transmission approaches unity. 
With the etalon, the final energy per pulse is the same 
as without the etalon, and so the full output power is con- 
centrated in the etalon modes. From the spectrum with a 
reduced number of well-separated modes, it is possible to 
select a single mode with an external filter or monochro- 
mator, or by selective outcoupling. The power in the se- 
lected mode depends on the total number of etalon modes 
within the laser bandwidth, which is on the order of 100 
for the parameters used here. 
It has been assumed in the simulations that all electron 
micropulses have identical shape and energy distribution, 
and that the repetition rate is perfectly constant. In prac- 
tice, some jitter in the amval times of the pulses will usu- 
ally be present, as well as random and systematic varia- 
tions in their energy. Time jitter can have an effect on the 
power gain and on the shape of the optical pulse due to 
the lethargy. The optical phase, however, is determined 
by the incoming optical signal and is not influenced by 
the precise position of the electron pulse. Variations of 
the electron energy affect the operation of the laser through 
a broadening and shift of the gain profile. This will be 
reflected in the overall shape of the spectrum illustrated 
in Fig. l(h). The fine structure in the spectrum, however, 
is determined by the optical cavity and the etalon. In par- 
ticular, the position and the width of the selected etalon 
modes depend only on the spacing and the quality of the 
etalon. Variations in the electron beam will therefore af- 
fect only the relative intensities of the active modes. 
IV. CONCLUSIONS 
Pulse evolution simulations have shown that the param- 
eters of the FELIX project will enable it to function in the 
short-pulse regime where the electron pulse length is as 
short as the slippage length. 
Simulations including the coupling of pulses by an in- 
tracavity interferometric device have shown that it is pos- 
sible to induce coherence between otherwise independent 
pulses in an RF-linac FEL. Apart from an initial delay in 
the growth of the power and a gain reduction due to ab- 
sorption loss, the basic operation of the FEL is unaf- 
fected. 
A simple model for the simulation of the effect of an 
intracavity etalon on the spectral structure has shown that 
a low-finesse etalon suffices to suppress most of the cavity 
modes and to concentrate the power in modes with a much 
larger frequency separation. 
Intracavity etalons or equivalent interferometric ele- 
ments are commonly used in conventional lasers to reduce 
the spectral bandwidth. The application discussed here dif- 
fers in that the free spectral range of the etalon is much 
narrower than the full gain bandwidth, and a sufficient 
number of etalon modes remains present to compose the 
short pulses. 
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